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MinireviewQuickening the Pace:
Looking into the Heart
of HCN Channels
between that movement and the activation gate in the
pore is reversed.
Recent work has successfully addressed why the po-
larity of HCN channels is “backwards.” The groups of
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Siegelbaum (Ulens and Siegelbaum, 2003), and Gold-
stein (Sesti et al., 2003) used substituted cysteine acces-
sibility mutagenesis to examine the ability of amino acidHyperpolarization-activated cyclic nucleotide-gated
residues in S4 to be modified under different conditions.(HCN) channels contribute to a wide range of physio-
Two different parameters were altered in application oflogical functions and regulate cardiac and neuronal
the cysteine-modifying reagent: whether it was appliedpacemaker activity. Here, we review recent advances
from the intracellular or extracellular side and whetherin three areas: the polarity of the S4 movement with
it was applied at hyperpolarizing potentials (open chan-hyperpolarization, the location of the activation gate,
nels) or at depolarizing potentials (closed channels). Ifand the structure of the C-terminal C linker and CNBD.
the accessibility of one region of the S4 switched upon
switching the membrane potential, that would be inter-HCN channels mediate repetitive firing in neurons and
preted to mean that that part of the S4 moved acrosscardiac myocytes (Accili et al., 2002; Robinson and
the membrane upon depolarization.Siegelbaum, 2003). These K-selective channels are
The results of the above experiments with HCN chan-typically closed at resting and depolarized potentials
nels mirrored those in Kv channels (Bezanilla, 2000), inbut are activated by the afterhyperpolarization at the end
which the proximal S4 is accessible from the outsideof cardiac action potentials. The voltage dependence of
and the distal S4 is accessible from the inside. Further-gating of these channels can be shifted by cAMP,
more, at least one residue in about mid-S4 was accessi-allowing second messenger systems in the cell to regu-
ble from the inside at hyperpolarized potentials but fromlate channel activity (Santoro and Tibbs, 1999). HCN
the outside at depolarized potentials. These data arguechannels have been the subject of intense scrutiny for
that the overall movement of S4 is conserved in HCNmany years. However, it was not until the late 1990s
channels and Kv channels but that, in contrast to Kvthat the first members of this gene family were identified
channels, outward movement of the S4 closes the gate(Robinson and Siegelbaum, 2003). There has been a
in the pore and inward movement of the S4 opens therecent explosion in our knowledge of how HCN channels
gate (Figure 1).do what they do. This exciting new work explains not
An interesting limitation to interpreting these data liesonly the properties of HCN channels but sheds light on
in the controversy over the resting position of S4 andthe function of Kv channels as well.
its movement across the membrane. Several theoriesAs mentioned above, central features of HCN chan-
have been presented to account for the number ofnels are their activation by hyperpolarizations that are
charges that must be translocated across the mem-more negative than typical neuronal and muscle cell
brane. One point of disagreement is whether the S4 isresting potentials and their generation of inward excit-
buried in the core of the protein (Bezanilla, 2000) or liesatory currents. Tonic activation of HCN channels sets
at the periphery (MacKinnon, 2003). Also, the nature of
the resting potential at a somewhat depolarized level.
the movement of the S4 has not yet been settled: does
Also, activation of HCN channels contributes to the rest-
it undergo a large movement from one side of the mem-
ing membrane conductance and tends to decrease a brane to the other (MacKinnon, 2003) or, alternatively,
cell’s input resistance. Another important feature of HCN is there a relatively small movement from one solvent-
channel currents is that they are self-limiting: as the accessible cleft to another (Bezanilla, 2000)? A combina-
membrane depolarizes through influx of Na, the posi- tion of functional and structural studies will likely be
tive voltage will cause HCN channels to close, decreas- required to fully address these questions.
ing Na influx and thus limiting the extent of the depolar- Localization of an Intracellular Gate
ization. Although HCN channel gating has inverted voltage de-
Voltage Dependence of Activation pendence compared to the gating of Kv channels, HCN
Why are HCN channels activated by hyperpolarization? and Kv channels share significant sequence similarity in
Their sequence is quite similar to that of canonical Kv the pore and the voltage-controlled gate. Recent studies
channels in the S4 voltage-sensing region. Why, then, have focused on determining the location of this gate
is the polarity of activation reversed in HCN channels and how it functions to regulate the activity of HCN
compared to Kv channels? One possible explanation channels. The bradycardic agent ZD7288A is a selective
is that the S4 segments move with opposite polarity: blocker of HCN channels. This compound has proven to
outward with depolarization in Kv channels and inward be extremely useful in localizing the hyperpolarization-
with depolarization in HCN channels. A second possibil- activated gate. When applied to the intracellular side of
ity is that, although the S4 segments move outward the channel, this large blocker can enter and exit the
with depolarization in both channel types, the coupling pore only at voltages where the activation gate is open
(Shin et al., 2001). In similar experiments, Rothberg et
al. (2002) found that the gate for small cations such as*Correspondence: seg@u.washington.edu
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Figure 1. Movement of S4 Is Coupled to Gat-
ing of HCN Channels
The green cylinders represent the S4 transmem-
brane segment. Plus signs represent posi-
tively charged residues, and circles represent
uncharged sites. Black represents residues
exposed to either the extracellular or intracel-
lular solutions. Red depicts residues not ac-
cessible from either side. Upon depolar-
ization, the S4 segment moves upward to
produce closure of the intracellular gate in
HCN channels (top right) and opening of the
intracellular gate in Kv channels (bottom left).
Hyperpolarization causes inward movement
of S4 in both channels, resulting in opening
of the gate in HCN channels (top left) and
closing of the gate in Kv channels (bottom
right). The drawing shown here depicts a sce-
nario in which the S4 helix is buried within
the channel protein, and depolarization causes it to move up toward the extracellular side. Recently, MacKinnon and collaborators proposed
a model in which S4 is in fact a paddle that lies parallel to the membrane in the resting state and moves outward upon depolarization (Jiang
et al., 2003).
Cd2 resides at the intracellular side of the pore as well. tent with a model in which movement of the voltage
sensor is coupled to a rearrangement of the activationThus, the sequence similarity between Kv and HCN
channels likely extends to structural similarity at the gate via specific interactions between the S4-S5 linker
and the activation gate. Given that the polarity of thelevel of the activation gate.
The intracellular activation gate is not the only region conformational change produced by voltage sensor
movement in HCN channels is opposite to that in Kvthat can control ion flux through channels. An N-terminal
“ball and chain” (N-type inactivation) and a constriction channels, it seems likely that the underlying reason for
this polarity switch must lie within the coupling mecha-of the extracellular side of the selectivity filter (C-type
inactivation) can also prevent permeation through the nism between the voltage sensor and the gate.
Cyclic Nucleotide Modulationpore (Bezanilla, 2000). Previous studies have demon-
strated that spHCN channels display an inactivation pro- As discussed above, hyperpolarization activates HCN
channels by producing an inward movement of S4. Ancess as well (Gauss et al., 1998). A new study by Shin et
al. (2004) addresses the mechanism of this inactivation. important physiological aspect of HCN channel function
is the ability of cAMP to tune the voltage required toThey find that a hyperpolarizing stimulus causes the
activation gate to open, but even when the stimulus is produce this opening conformational change. cAMP ap-
pears to have different effects on different HCN chan-maintained, the channel then closes again. This inactiva-
tion can occur in HCN2 as well, but the equilibrium be- nels. In HCN2, for example, cAMP produces a 20 mV
shift of the g-V curve. In contrast, in spHCN, cAMPtween the open and closed channels is more favorable
in HCN2 compared to spHCN, so that the inactivated produces an increase in the maximum current. The inac-
tivation model presented by Shin et al. (2004) describesstate is less prominent in HCN2.
Using ZD7288, Shin et al. (2004) demonstrate that a simple way in which these apparently different effects
of cAMP can arise out of the same fundamental process.inactivation in HCN channels is most likely due to closure
of the activation gate rather than involving a second As discussed above, they characterize the energetics
of activation as being more favorable in HCN2 channelsgating structure. They propose a model in which a tem-
porary uncoupling between the voltage sensor and the than in spHCN channels. The less-favorable opening
conformational change in spHCN shifts the equilibriumintracellular gate can occur upon even modest hyperpo-
larizations. This implies that, even if the voltage sensors at hyperpolarized potentials toward an inactivated state.
The more favorable opening conformational change inremain in their activated position, the linkage that cou-
ples these sensors to the gate is temporarily interrupted, HCN2 channels shifts the equilibrium toward the open
state. The binding of cAMP to the CNBD, whether inleading to closure of the gate (Figure 2).
The coupling between movement of the voltage sen- spHCN or in HCN2, produces the same relative stabiliza-
tion of the opening conformational change. In spHCN,sor and opening of the activation gate at the bundle
crossing in S6 is not well understood for any type of this stabilization of opening draws the channels out of
the inactivated state and into the open state by massvoltage-gated channel. Decher et al. (2004) addressed
the contribution of interactions between the S4-S5 linker action. For HCN2, whose open probability is already
relatively high, stabilization of the open state relative toand a domain near the intracellular activation gate to the
opening and closing of HCN2 channels. Using alanine- the closed state produces a positive shift in the V1/2.
cAMP binds directly to a cyclic nucleotide bindingscanning mutagenesis, they identified specific residues
within or near the C linker that are important for normal domain (CNBD) in the C terminus of each subunit. The
CNBD is connected to the pore via a region termed thechannel closure. Their findings suggest that a salt bridge
between the C linker and the S4-S5 linker stabilizes the C linker. The C linker and CNBD are also present in
cyclic nucleotide-gated (CNG) channels and ether a-go-closed state of HCN2 channels. These data are consis-
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Figure 2. Coupling of the Voltage Sensor to
the Intracellular Gate in HCN Channels
The green symbols represent the S4 domain.
Red cylinders represent the S6 domain which
is thought to line the ion-conducting pathway
and form the “intracellular gate.” In the closed
state, S4 and S6 remain uncoupled. Relatively
mild hyperpolarizations allow the channels to
enter a preactivated state in which S4 and S6
interact (denoted by the holding hands), but
ions cannot permeate through the pore. Fur-
ther hyperpolarization promotes an opening
conformational change. Upon sustained hy-
perpolarization, the coupling of S4 and S6
can “slip,” leading to an inactivated state. In
channels such as HCN2, in which the opening
conformation change is relatively favorable,
the equilibrium favors opening. In contrast,
in channels such as spHCN, in which the
opening conformational change is less favor-
able, the equilibrium favors the inactivated
state.
go-related channels. Previous work in CNG channels the kind of intersubunit proximity that would be required
to account for the functional data. It seems highly likely(Kaupp and Seifert, 2002) has shown that the binding
of cAMP or cGMP to the CNBD initiates a conformational that, given the presence of cAMP in the structure, the
CNBD is in the open state. It may be possible, though,change that is transmitted to the pore via a conforma-
tional change in the C linker. that the C linker conformation represented by the crystal
structure is that of the closed state.In HCN channels, the C linker appears to have an
autoinhibitory effect on gating (Wainger et al., 2001). Together, the important findings discussed above
provide us with a clearer picture of how the differentThis inhibition can be relieved in at least two ways. The
binding of cAMP to the CNBD relieves this inhibition, structural regions of HCN channels function and come
together to define the physiological characteristics ofallowing the channels to open at more depolarized po-
tentials. Alternatively, deletion mutants in which the these ion channels. Like other enzymes, ion channels
are formed from modules, each evolved to perform aCNBD, or C linker in combination with the CNBD, has
been removed are activated at more depolarized poten- specific function. The promise of current ion channel
research lies in understanding how these modules aretials, similar to wild-type channels in the presence of
cAMP (Wainger et al., 2001).
Recently, Zagotta and coworkers solved the structure
of a fragment of HCN2, including the C linker and CNBD,
using X-ray crystallography (Zagotta et al., 2003). Struc-
tures of both the cAMP and cGMP bound conformations
were obtained and assembled as a 4-fold symmetric
tetramer, consistent with the 4-fold symmetry expected
in the channel pore. The C-terminal HCN2 fragments
also form tetramers in solution in the presence of cAMP.
Interestingly, in the absence of cAMP, the fragments
are primarily monomeric. The bulk of intersubunit con-
tacts are in the C linker rather than the CNBD (Figure
3). It seems likely, then, that the binding of cAMP to the
CNBD promotes a stabilization of intersubunit interac-
tions in the C linker. This rearrangement in the C linker
would be coupled to the opening of the pore.
The extensive intersubunit contacts in the C linker
structure as well as the presence of cAMP in the CNBD
suggest that the structure reflects the open state of the
channels. However, a comparison of the structure with
functional data from CNG channels makes this conclu-
sion less clear. In CNG channels, the proximal C linker
has been shown to form a number of metal binding sites
Figure 3. Structure of the C Linker and CNBD of HCN2
that are believed to occur between the same amino
Four color-coded subunits are shown relative to the S1-S6 core ofacids on different subunits (Gordon and Zagotta, 1995;
the channel. Views from the top (180 rotation) reveal that the primary
Johnson and Zagotta, 2001). These points of intersub- intersubunit interactions occur between C linker regions (left). Re-
unit proximity occur primarily in the open state. Yet, in moval of the C linkers demonstrates that the CNBD regions have
few intersubunit interactions (right).the structure, the proximal C linker regions do not show
Neuron
196
physically and energetically coupled to produce the
complex, highly-tuned behavior that is required for their
cellular function. From the similarities and differences
between HCN and Kv channels, we are likely to learn
important lessons about the coupling between S4 move-
ment and opening of the activation gate in all voltage-
gated channels. Finally, comparing HCN and CNG channels
may provide insight into how cyclic nucleotide binding
modulates the function of these and other ligand-gated
channels.
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